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ABSTRACT 
This thesis focuses on the tandem mass spectrometry of peptide ions in a Fourier 
transform mass spectrometer using sustained off-resonance irradiation collision 
-induced dissociation (SORI-CID) method. In the present study, the validity of the 
"mobile proton ” dissociations model proposed in the literature was evaluated. This 
model could satisfactorily be used to account for the tandem mass spectra of fourteen 
synthetic peptide ions of different amino acid compositions, different isomeric amino 
acid sequences, and different charge states. The preferential cleavages at the 
C-terminal side of the acidic residues were also observed for peptide ions containing 
acidic amino acid residues. However, the criterion reported in the literature to account 
for the occurrence of such cleavage was not conclusive and should be modified to 
exclude situations in which the carboxylic acid side chain of the acidic residue is 
deprotonated by free arginine residue(s). 
Considering the mass measurement accuracy of the SORI-CID tandem mass 
spectrum, the cyclotron frequencies of the precursor ions and product ions were found 
to be strongly influenced by the pressure rise induced by the gas pulse. The 
pressure-dependent frequency shift was tentatively explained by using two opposing 
factors, i.e. the reduction of the outward-directed radial electric field and the 
enhancement of space charge effect. Using the standard internal lock-mass calibration, 
the average mass error could only be reduced from 80 ppm to about 10 ppm. Close 
inspection of the experimental results has found that the frequency shifts of the 
fragment ions were mass-dependent. Using the conventional calibration equation, f = 
A/(m/z) + B, a quadratic correlation curve was observed by plotting the upshift of the 
coefficient A against the duration of gas-pulse. Adding this correlation factor into the 
existing internal lock-mass calibration method, the average mass error could further 
be reduced to less than 3.0ppm. The resulting error was in comparable range with that 
generated from internal calibration method. However, this modified lock-mass method 
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CHAPTER 1 INTRODUCTION 
1.1 Mass spectrometry in biochemistry 
With the rapid development of Genomic and Proteometic research, there is heavy 
demand for rapid, selective and sensitive analytical methods for structural analysis of large 
biological molecules, such as peptides/proteins and their sugar conjugates, D N A fragments 
and carbohydrates. For peptide sequencing, Edman degradation method is the most 
commonly employed biochemical method. In the Edman degradation method, the amino 
acid at the N-terminal side of the peptides is released and its chemically modified form is 
then identified by chromatographic method. By repeating this analytical cycle, the amino 
acid sequence of the peptides can be obtained. However, structural analysis of 
peptides/proteins using this method requires tedious sample purification procedures and is 
time-consuming. This method is also not amendable to N-terminal blocked peptides and 
many post-translational modified peptides. 
With the development of advance desorption and ionization methods and novel mass 
analyzers, mass spectrometry has become an indispensable tools in many chemistry and 
biochemistry laboratories for the analysis of synthetic and biological molecules. The 
ultrahigh sensitivity of mass spectrometry detection has permitted analysis of target 
molecules at trace quantity in the presence of complex matrix background. This is 
particular useful for analysis of substances extracted from biological samples, such as 
peptides/proteins. By eliminating tedious and time-consuming purification and isolation 
procedures, the speed of mass spectrometry analysis is usually much faster than the 
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conventional biochemical methods. Since mass spectrometry measures the mass-to-charge 
ratios of the analyte ions based on fundamental interactions of ions with electric and 
magnetic fields, mass measurement accuracy depends generally on the nature of the mass 
analyzer, the calibration method and is independent of the nature of the calibrants. 
Accurate mass measurement of the analyte ion allows the confinement of the molecular 
formula; and identifies analyte ions against suspects of closely related masses. Finally, 
mass spectrometry can also be coupled with classical separation techniques such as 
high-performance liquid chromatography (HPLC) and capillary electrophoresis (CE) for 
analysis of complex mixtures. By combining suitable chemical and enzymatic degradation 
methods, rapid identification of known proteins (or identification of unknown proteins) 
can also be made by comparing the fingerprint of the digested products against the 
hypothetical pattern generated from protein databases. 
1.2 Electrospray ionization (ESI) 
Formation of intact gaseous analyte ions from the sample has always been a major 
challenge in the field of mass spectrometry research. Since the first introduction of the 
concept of mass spectrometry by J. J. Thomson in 1899 [1], many ion production methods 
have been developed. Electron-impact ionization (EI) [2] and chemical ionization (CI) [3: 
constitute the most convention ionization methods for volatile and thermally stable 
molecules. For analysis of involatile and thermally labile biomolecules, field desorption 
(FD), fast atom bombardment (FAB) or secondary ion mass spectrometry (SIMS) [4], laser 
desorption (LD), plasma desorption (PD)[5] have been widely used in 1970s-1980s. Due 
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presumably to the low efficiency and the energetics of the phase transformation, the 
applicability of these methods have been limited to relatively low-mass biomolecules ( M W 
< 10,000 Dalton). Although the ideas of using matrix-isolation in laser desorption and 
electrohydrodynamic dispersion technique to assist the ion production in mass 
spectrometry have been suggested in much earlier days, the high-mass accessibility of 
matrix-assisted laser desorption / ionization (MALDI) [6] and electrospray ionization (ESI) 
7] methods were only experimentally demonstrated in late 1980s. These two ion 
production methods have now becoming indispensable tools for mass spectrometric 
analysis of virtually all types of substances, including high-mass bio- and 
synthetic-polymers. 
A distinct feature of electrospray ionization (ESI) is related to its ability to analyze the 
sample solution directly without any matrix involvement and tedious sample workup. In 
typical electrospray ionization experiments, the sample solution is loaded onto a 
hypodermic needle and is delivered to a metal capillary by means of a syringe pump at a 
flow rate of 〜1 fjIVmin. With a high potential difference of a few kilovolts between the 
metal capillary and the counter-electrode, the sample solution is sprayed into finely divided 
droplets. The dispersion of the sample solution into charged droplets is the result of the 
growing coulombic repulsion among the net charges at the liquid surface near the opening 
of the metal capillary. At conditions in which the coulombic repulsion force exceeds the 
surface tension of the sample solution, droplets of liquid with excess charges will be 
generated. These charged droplets then migrate towards the counter-electrode under the 
influence of the electric field. With the use of appropriate nebulizing gas, such as dry 
3 
nitrogen at an elevated temperature of typically 250 一 300。C, the solvent molecules 
continuously evaporate from the droplets leading to a reduction of the droplet volume. The 
increasing charge density of the droplets eventually cause explosion of the droplets into 
even finer droplets. After cascade of explosions, the electric field at the surface of the very 
fine droplets becomes so high that direct desorption of analyte ions occurs. If the analyte 
molecules have multiple basic residues, multiply charged ions will be generated. For 
peptide/protein-type molecules, the analyte ions formed are generally in the m/z range of 
500 to 2,000 Th regardless of the actual molecular mass of the molecules. Based on the 
flow rate of the sample solution, electro spray ionization can further be sub-divided into 
several classes, including "ultraspray" (50-1000|iL/min), "electrospray" (1 - 50 |aL/min), 
"microspray" (100 - 500 nL/min) and "nanospray" (<100 nL/min) [8]. Since electrospray 
ionization produces analyte ions directly from the sample solution, it can easily be used in 
conjunction with common separation methods, such as high performance liquid 
chromatography and capillary electrophoresis. The resulting hyphenated methods have 
becoming a series of powerful and indispensable tools for biological and chemical 
research. 
1.3 Fourier-transforms ion cyclotron resonance mass spectrometry (FTICRMS) 
M o d e m Fourier-transform ion-cyclotron-resonance mass spectrometer (FTICRMS) is 
based mainly on the instrumental configuration that was demonstrated in 1974 by 
Comisarow and Marshall [9]. In comparison with early ion cyclotron resonance instrument, 
modem FTICRMS utilizes trapping electrodes to extend the lifetime of the ions, 
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mass-to-charge ratios of analyte ions are deduced on the basis of images of their cyclotron 
motions and Fourier transform algorithms are incorporated to decode the time-domain 
waveform into frequency-domain signals. FTICRMS is well known for it's ultrahigh 
resolving power and tandem mass spectrometry capability. In combination with novel 
desorption / ionization methods, such as matrix-assisted laser desorption/ Ionization 
(MALDI) [6] and Electrospray (ESI) [7], FTICRMS becomes an important analytical tool 
for resolving complex biological problems. 
1.3.1 Ion motions 
In a typical FTICR instrument, the trapped ion cell is placed under a strong and static 
magnetic field with an orientation in which the trapping plates lie in a direction 
perpendicular to the magnetic field. Under the influence of both the magnetic and electric 
fields, ions inside the trapped ion cell are orbiting in a complex trajectory. The motion of 
the ions can be deconvoluted into three independent oscillations, including the cyclotron 
motion, the trapping harmonic oscillation, and the magnetron motion [10-11]. 
The cyclotron motion of the trapped ions is generated by the fact that the magnetic 
field induced Lorentz Force is counterbalanced by the outward directed centrifugal force. 
The analytical expression is described in equation 1.1, 
= — [1.1] 
r 
where B is the magnetic field strength (in Tesla), m, q, r and v are the mass, charge, 
cyclotron radius, and the velocity of the ion at x-y plane, respectively. Rearranging the 
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equation 1.1, the angular cyclotron frequency ((^c) is： 
① _ v _ B 12 
c r {m/q) 
The angular cyclotron frequency (cOc) is directly proportional to the strength of the 
magnetic field and inversely proportional to the mass-to-charge ratio (m/q or m/z) of the 
ions. 
The trapping harmonic oscillation along the z-axis is caused by the electric field 
generated by the two trapping plates at the two ends of the trapped ion cell. The trapping 
frequency (cOz) of an ion is correlated to the mass-to-charge ratios (m/z) and the trapping 
potential (Vtrap) under equation 1.3 
汉 n 
⑴ 飞 — [1.3] 
V ma 
where a is the dimension of the analyzer cell and oris a constant depending on the geometry 
of the trapped ion cell. 
The magnetron motion of an ion is generated from the perturbation of ion cyclotron 
motion by the electric field generated from the trapping electrodes [12-15]. Because of the 
nonlinear gradient of the electric field, the trapping potential introduced a radial force of 
n J/ a 
magnitude (-^―|~ r) onto the orbiting ion. The analytical solution of the ion motion is then 
a 
modified from equation 1.1 to: 
mcD^r = qBco r-qE^r [1.4" 
By solving equation 1.4 for co, the "reduced" cyclotron frequency (or "observed 
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cyclotron frequency) and the "magnetron" frequency can be obtained: 
CO, ri o 
〜 ⑺ + 小 t ) ' t [1-5] 
份 份 二 [ l ( 〜 [ 1 . 6 ] 
" _ 2 M 2 
where the is the "unperturbed" cyclotron frequency. 
The "observed" (or "reduced") orbital frequency ( ^ obs) is： 
①obs 二①c -①m [1.7] 
In order to detect the trapped ions, a spatially uniform //-electric field is applied to the 
excitation plates to excite ions of all (or selected) mass-to-charge ratios [16]. This 
rf-electric field serves to align the trapped ions to move in spatially coherent manner and to 
accelerate them to a larger radius of movement. When the //-electric field is terminated, the 
accelerated ions continue to gyrate at a constant radius and generate a net signal (image 
current) in the detection plates. This transient signal composites of the cyclotron 
frequencies of all the ions present in the cell; and it's magnitude decreases with time as the 
ions are dephased due to collisions with residual background gas molecules. Fast Fourier 
Transform (FFT) algorithm is used to deconvolute the digitized time-domain transient to 
the frequency-domain signal. This frequency plot is then mass-calibrated to an m/z plot and 
displayed as a mass spectrum. 
1.3.2 Mass calibration 
Even though FTICRMS is intrinsically an ultrahigh resolution instrument, precise 
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control of experimental parameters and proper mass calibration are essential for accurate 
mass measurement. Factors affecting the precision of the mass-frequency relationship 
include the abundance of trapped ions [17-22] and the excitation radii of the ions [17]. As 
stated previously, the magnetron motion of the ions is generated from the influence of the 
trapping electric field on the cyclotron motion of the ions under a static magnetic field. The 
downward shift of the observed cyclotron frequency to the "unperturbed" cyclotron 
frequency correlates linearly with the magnetron frequency, as shown in equation 1.7. The 
magnetron frequency and the observed cyclotron frequency depend on the strength of the 
outward-directed radial electric field and hence the trapping potentials. Therefore, a 
change in the trapping potentials in FTICRMS experiment requires re-calibration of the 
instrument. 
A more problematic factor affecting the mass-frequency relationship is the space 
charge effect [23]. Space charge effect refers to the Coulombic interactions between 
charged ions within the trapped ion cell [22, 24]. Since the space charge effect leads to an 
overall increase in the radial outward force on the ion cloud, a high abundance of trapped 
ions will lead to a downward shift of the observed cyclotron frequency. The space charge 
effect can be quantified by [20-21]: 
qB 2aV qpG, 
①obs= [1.10] 
m a B SQB 
where p is the ion density, Gi is the ion cloud geometry, and 8o is the permittivity of free 
space. The first term is the "unperturbed" cyclotron frequency; and the second term is 
equal to the magnetron frequency of the ions. The third term quantifies the space charge 
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effect on observed frequency drift. Using a fixed geometry of trapped ion cell, the observed 
cyclotron frequency is shifted linearly with the change in the density of the ions [25]. High 
mass accuracy measurements cannot be reliably achieved unless space charge is either 
taken into account or eliminated. For example, the mass error can be reduced from over 
100 ppm to low ppm after the correction the space charge effect using the linearity 
quantification relationship of frequency versus total ion intensity [18]. Table 1.1 
summaries the various calibration equations published in literatures using different cell 
geometries and mathematics approximation. Equations 1.11 to 1.15 correlate the 
mass-to-ratios of the ions to the observed cyclotron frequencies with an assumption that 
the space charge interaction of the trapped calibrant ions is essentially the same as that of 
the analyte ions in separation experiments. Equation 1.16 includes the impact of trapping 
potential into the calibration equation. Equation 1.17 takes into consideration of both 
trapping potentials and the abundance of the trapped ions. 
Despite considerable efforts in developing more accurate calibration equations, it is a 
general consensus that internal calibration remains the most efficient and widely utilized 
method for exact mass measurements. Under the conditions of the internal calibration, the 
calibrant ions and the analyte ions are trapped simultaneous inside the trapped ion cell. 
Any frequency shift of analyte ions caused by the factors such as space charge effect, 
trapping conditions and excitation radius, can be counter-balanced by the similar shifts of 
calibrant ions. Very high mass accuracy (within 2.0 ppm) has been demonstrated for 
high-mass protein ions such as cytochrome c and myoglobin [29'. 
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However, the internal calibration requires the co-production of the analyte ions and the 
Table 1.1 A summary of the literature proposed calibration relationships in the 
FTICR-MS  
f +blm [1.11] [26] 
f =a/m^ +b/m^c [1.12] [22] 
f 二 alm + c [1.13] [20] 
m = al f + bl f [1.14] [19] 
m/z = a/f + b/f'+c/f+bc/af' [1.15] [27] 
f = a/(m/z) + bV^+cV/(m/z) [1.16] [28] 
(m/z),=a/f + b / f ' + c l , / f ' [1.17] [17] 
f is the observed cyclotron frequency; m is the mass-to-charge ratio of the ion; Vt is the 
trapping potential; is the intensity of the ion peak i; a, b, and c are calibration constants. 
10 
calibrant ions. This criteria is sometimes difficult (or even impossible) to achieve. For 
instance, there might be incompatibility in formation of solution mixtures because of the 
difference in solubility behavior of the target analyte and the common calibrants; or there 
might be competitive desorption / ionization phenomenon in which either only the analyte 
ions or the calibrant ions are generated at one time. To overcome these difficulties, some 
advanced ion production methods [30-34] have been developed to generate analyte and 
calibrant ions independently and to inject them sequentially or simultaneously into the 
trapped ion cell prior to mass measurement. 
1,3.3 Tandem mass spectrometry 
Tandem mass spectrum (MS") is an advance mass spectrometry method in which the 
analyte ions of interest (or precursor ions) are first isolated from the other ions and are then 
energized internally by some means. The fragment ions produced by the isolated precursor 
ions under unimolecular conditions are then recorded. Tandem mass spectrometry can 
provide structure information of the analytes and sometimes the energetics and pathways 
of fragmentations through the relationships between precursor ions and their fragmentation 
products. Depending on the methods of ion activation and the structures of the precursor 
ions, the peptide ions can undergo unimolecular dissociation at three different positions 
along the peptide backbone to produce series of sequence specific fragment ions. 
Throughout the text in this thesis, the nomenclature proposed by Biemann and co-workers 
in 1988 will be used [35]. Scheme 1 shows the sites of cleavages and the notions for the 
corresponding fragment ions. 
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Scheme 1 
Convention means of energizing the precursor ions includes collisions of the ions with 
inert gas atoms or molecules, (i.e. collision-induced dissociation, CID) [36] or surfaces (i.e. 
surface-induced dissociation, SID) [37], irradiating the ions with high flux of infrared laser 
photons (i.e. infrared multiphoton photo-dissociation, IRMPD) [38] and electrons (i.e. 
electron capture dissociation (ECD) [39], and immersing the ions in a background of 
blackbody infrared radiation (i.e. blackbody infrared radiation dissociation, BIRD) [40:. 
Different dissociation methods require different instrumental setups and experimental 
procedures to manipulate the trapped ions, and have their own distinct advantages and 
limitations. 
Since the first experimental demonstration of tandem mass spectrometry using 
collision-induced dissociation (CID) method in 1968 [41], it has become an important tool 
in structure analysis of organic molecules. The first CID experiment recorded in FTICRMS 
was reported by Preiser and co-workers in 1982 [36]. In a typical tandem mass 
spectrometry measurement in FTICRMS, the ions of interest (i.e. the precursor ions) are 
isolated by over-excitation of the unwanted ions. The precursor ions are then subjected to a 
short ^ -excitation waveform whose frequency is identical to the cyclotron frequency of the 
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precursor ions under an elevated background pressure (i.e. 10" - 10" Torr) of inert gas. As 
a consequence of multiple collisions, some of the translation energy of precursor ions is 
converted to the internal energy resulting in some degrees of unimolecular dissociation. 
Depending on the number, the duration and the frequency of the excitation waveform(s), 
several fine divisions of collision-induced dissociation methods have been classified, 
including on-resonance CID, sustained off-resonance irradiation CID (SORI-CID) [42], 
very low-energy CID (VLE-CID) [43], and multiple excitations for collision activation 
(MECA) [44]. In the sustained off-resonance irradiation CID, ions of a selected m/z ratio 
are alternately excited and de-excited due to the small offset of frequency between the 
excitation waveform and the ion cyclotron frequency. In very low-energy CID, ions are 
alternately excited and de-excited by resonance excitation whose phase alternates 
repeatedly between 0 and 180 degrees. In multiple excitations for collision activation 
(MECA), ions are resonantly excited and then allowed to relax by collisions. 
1.4 Sustained off-resonance irradiation collision-Induced dissociation (SORI-CID) 
of peptide ions 
Among the various collision-induced dissociation methods developed in FTICR 
instrument, SORI-CID [42] has been the most widely adopted method for inducing the 
dissociation of large ions such as pep tides/proteins and D N A fragments. For the 
on-resonance CID method, the translation energy of the precursor ions depends on the 
duration and the peak-to-peak voltage of the //-excitation waveform. The precursor ions 
are excited continuously and will neutralized by collision with the wall of cell if the power 
of excitation pulse is too high or the duration of pulse is too long. For the off-resonance 
13 
CID, the precursor ions undergo multiple acceleration and deceleration cycles with a 
period corresponding to the difference between the applied irradiation frequency and the 
cyclotron frequency of the ions. The maximum gain of translational energy {Etr) [45] for 
precursor ions is given by: 
五 [ 1 . 1 8 ] 
2m(A/)2 2 
where m is the mass-to-charge ratios of the precursor ions, t is the duration of the 
//-waveform in second, and A/ is frequency offset in Hz. Eg is the amplitude of the electric 
field, and may be expressed in terms of peak-to-peak excitation voltage of the //-excitation 
waveform (Vp.p), the geometry factor of infinity cell (p=0.86738), and the diameter of the 
cell (d) as given by equation 1.19: 
E [1.19] 
。 - 1 
Since the precursor ions are accelerated and decelerated alternatively by the excitation 
waveform under SORI conditions, the maximum radius of cyclotron motion depends only 
on the Vp.p and the frequency offset and is independent of the duration of the //-waveform. 
A much longer irradiation time can be used under SORI conditions (>250 ms) than that of 
the on-resonance condition (< 20 ms). 
The maximum center-of-mass collision energy ( E ^ ) [46-47] achieved using SORI 
excitation is then given by: 
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M + m yin ma Aj 
where Mis the mass of inert gas in SORI-CID. Although the translational energy uptake of 
the precursor ions per collision (< 10 eV) under SORI conditions is likely to be lower than 
that of the on-resonance conditions, the extended period of excitation allows progressive 
build-up of the internal energy via multiple collisions. Because of the stepwise increment 
of the internal energy, the dissociation of the precursor ions under SORI-CID conditions is 
believed to proceed via the lowest accessible energy fragmentation pathways. 
SORI-CID (or low-energy collision induced dissociation, in general) of protonated 
peptide/protein molecule usually cleaves the C(0)-N backbone linkage to form series ofb-
and y- sequence diagnostic ions. The dissociation process is generally believed to be a 
charge-directed dissociation process, i.e. the added proton(s) is responsible to direct the 
cleavage of the peptide linkages [48]. A “mobile proton model" dissociation [49-53] has 
been proposed to account for the vast dissociation tendencies and patterns of different 
protonated peptides. Under collision activation conditions, the added protons in the 
protonated peptides are believed to migrate from the protonation site along the amide 
backbone to affect the cleavage of different inter-residual linkages [49]. For peptides with 
no basic amino acids, the initial protonation site is believed to be the N-terminal amino 
group due to its relatively high proton affinity [54]. For arginine, histidine and lysine 
containing peptides, the initial protonation site should be the side chain of these amino 
acids. The proton affinities of amino acids are listed in Appendix I [55, 90". 
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The mechanism(s) of protonated peptide fragmentation is/are complex; and the 
reactive configuration on these pathways differ considerably one from another [57 . 
Scheme 2 summaries the proposed mechanisms of dissociation of protonated peptides 
under low-energy collisions conditions. 
Five mechanisms, including "diketopiperazine" pathway [58-60], "oxazolone" 
pathway [61-67], 'ai-yx' pathway [68-69], 'aziridinone' pathway [60] and "amino-0" 
pathway [66, 70-72], have been proposed in literatures. The first four dissociation 
pathways are initiated by the protonation of the amide nitrogen. Protonation of the amide 
nitrogen weakens of the C(0)-N bond and causes the carbonyl carbon to become more 
electrophilic and more susceptible to be attacked by the nearby nucleophilic groups, such 
as N-terminal amino nitrogen and the carbonyl oxygen [73]. The detail reaction schemes 
for these dissociation pathways are summarized in Appendix II. 
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Protonated peptides 
Charge Directed Cleavage Charge Remote Cleavage 
(Mobile Proton Model) (for the high-energy dissociation) 
(for the low-energy dissociation) 
^ ^ . . . , .. Protonated amide oxygen 
Protonated amide nitrogen mechanisms 
cleavage mechanisms ^ 
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S c h e m e 2. Proposed Fragmentation Mechanisms 
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1.5 Outline of the Present Work 
The present project aims to study the tandem mass spectrometry of peptide ions in a 
Fourier transform mass spectrometer using SOIR-CID method. Specifically, factors 
influencing the pattern and the efficiency of peptide ions dissociation under low-energy 
CID conditions; and the accuracy of mass measurement of the product ions derived from 
SORI-CID, were investigated. Chapter one provides an introduction of the related mass 
spectrometry methods and terminologies. Chapter two gives a detail description of the 
Fourier transform mass spectrometer used in the present study. It also outlines typical 
experimental procedures for acquisition of SORI-CID tandem mass spectrum. Chapter 
three focuses on the SORI-CID analysis of fourteen synthetic peptides. Through a 
systematic study of tandem mass spectra of peptide ions of different amino acid 
compositions, different isomeric amino acid sequences, and various charge states of the 
peptide ions, the usefulness of "mobile proton" dissociation model has been evaluated. 
Chapter four relates to a critical evaluation of experimental factors affecting the accuracy 
of mass measurement for product ions derived from SORI-CID conditions. A new 
calibration method, which can provide high mass measurement accuracy, is proposed 
through this study. Finally, concluding remarks of the project are given in Chapter five. 
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CHAPTER 2 INSTRUMENTATION AND EXPERIMENTAL 
2.1 Fourier-transform ion cyclotron resonance mass spectrometer 
All the FTICR-MS experiments were preformed by using an APEX47e 
Fourier-transform ion cyclotron resonance mass spectrometer (Bruker Daltonics Inc., 
Boston, M A ) equipped with an unshielded 4.7 Tesla superconducting magnet and a 
homemade nanospray ion source (modified from the standard electrospray source, 
Analytica, Branford, CT). A schematic diagram of the instrument is shown in Figure 2.1. 
The FTICR-MS instrument consists of several parts, including a vacuum assembly, an 
external nanospray ion source, an electrostatic ion transfer system, an ICR trapped-ion 
cell and a 4.7 Tesla horizontal superconducting magnet. The superconducting magnet was 
fixed in a rack that is mounted on the floor. The external nanospray ion source, 
electrostatic ion transfer system and ICR trapped-ion cell were located inside the vacuum 
assembly. The external nanospray ion source and ICR trapped ion cell were mounted at 
the front and rear flanges of the vacuum assembly. The electrostatic ion transfer system 
was mounted inside the vacuum assembly. The vacuum assembly was fixed on a trolley 
that was held on a rail, so that the vacuum portion containing the trapped-ion cell could be 
taken in and out of the magnet bore for maintenance. 
2.1,1 Vacuum system 
The vacuum assembly can be sub-divided into several parts, including the ion source 















































































































































































































































































































































































trapped-ion cell region. In order to minimize the ion-molecule collisions that would 
otherwise perturb the ion motion inside the trapped-ion cell, the analyzer region should be 
pumped down to ultrahigh vacuum condition. Since nanospray source had a small opening 
for admission of ions, several stages of pumping were required to achieve the ultrahigh 
vacuum condition at the analyzer region. The nanospray source was differentially pumped 
by a rotary and a turbomolecular pump. A Coolstar cryopump 800 (L/min) (Edwards 
Corporation, U K ) and a Coolstar cryopump 400 (L/min) (Edwards Corporation, U K ) were 
installed at the ion transfer region. The analyzer region was installed with a Coolstar 
cryopump 800 (L/min) (Edwards Corporation, UK). All cryopumps were controlled by a 
Cryodrive 3.0 (Edwards Corporation, UK). Compressed liquid helium supplied by the 
cryodrive was circulated to all cryopumps. The cryodrive was cooled by a refrigerated 
recirculator (CFT-150, Neslab, US). Each cryopump was equipped with a hydrogen gas 
thermometer, so the temperature of the cold head and hence the vacuum pumping 
performance of the cryopump could be monitored. The pressure at the location of dielectric 
capillary and the hexapole ion guide were 10"^  - lO—】 Torr and IGT* -10'^ Torr respectively. 
The pressure at the front of the ion transfer region and the rear of the ion transfer region 
were 10'^  — 10'^  Torr and 10"^  Torr, respectively. At the analyzer region, the pressure was 
around Torr. 
In order to pump down the whole system from atmosphere pressure to the working 
pressure, the opening of the dielectric capillary was blocked with a rubber plug. The 
vacuum assembly was initially pumped from atmospheric pressure to lower 10' Torr by 
two rotary pumps. One of them was the auxiliary rotary pump that was connected to the ion 
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source region; whereas the other (model number: E2M18, Edwards Corporation, U K ) was 
connected to the front of the ion transfer region for source roughing. Then the cryopumps 
were turned on. When the pressure at the front of the ion transfer region was below 3x10—4 
Torr, the gate valve located between the roughing rotary pump and the vacuum assembly 
was closed. The pressure would continuously be pumped down to ~ 2 x 10"^  Torr. The high 
vacuum region was normally baked at a temperature of 150°C for 8 hours to establish 
ultrahigh vacuum conditions (i.e.〜3 x 10"^  Torr). Experiments were performed after the 
working pressure was arrived. Regeneration of the whole system was required when the 
temperature of the cold head rises to a certain level. 
The vacuum conditions of the analyzer region and the front of electrostatic ion transfer 
region were monitored by two cold cathode gauges (IKR 020, Balzers, Liechtensteion). 
Whenever the pressure of the ion transfer region was above 1 x 10—4 Torr, a pirani gauge 
was used instead. The front and rear part of ion transfer region could be isolated from each 
other by a gate valve (DN50, V A T Vakuumventile A G , Haag). The front Coolstar 
cryopump 800 could be isolated from the front of ion transfer region by a V A T valve 
(DN160 Vatterfly Valve Series 20, Vat Vakuumventile A G , Haag). This design allowed 
the venting of the source chamber for exchange of ion sources and cleaning of the 
dielectric capillary while preserving the vacuum conditions of the ion trapping cell region 
and the pumping status of the source cryopump. 
A leak valve and an electromagnetic pulse value were installed near the ion trapped 
cell region for introducing buffer / collision gases into the ICR trapped ion cell. A TTL 
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pulse generated by the console was used to control the open of the electromagnetic pulse 
valve. 
2,1,2 Nanospray source 
A commercially available electrospray ionization source (Analytical, Bradford, CT, 
USA) was equipped with the FTMS. The ESI source consists of two major components, i.e. 
a spray chamber and ion transfer optics. The spray chamber was modified to adopt a 
homemade nanospray assembly [74] as shown in Figure 2.2. Analyte solution was stored 
in a homemade glass tip, which was placed at a few centimeters away from the opening of 
the dielectric capillary. The tapered capillary was secured on a platform that can be 
adjusted along the x, y and z directions. A thin gold-plated tungsten wire (0 =15.0 /xm) 
was placed inside the tapered capillary to establish electrical contact. The tungsten wire 
was spot-welded onto a platinum wire (0 二0.3 m m ) to facilitate manipulation. A stable 
spray of the sample solution could be established by grounding the platinum wire and 
floating the entrance cap of the dielectric capillary to a negative potential (〜1,000 voltage). 
A flow of warm and dry N2 gas was used to assist the removal of solvent from the sprayed 
droplets. The gas-phase ions were sampled through a dielectric capillary into the high 
vacuum part of the spectrometer. The dielectric capillary was 18.0 cm in length and was 
made of glass. Both ends of the capillary were covered with stainless steel caps. The 
capillary entrance and exit acted as two individual electrodes Vcap and LI, respectively. 
The electrospray ion transfer optics was located in the low vacuum region and was 






































































































































































































































































































The small orifice of the dielectric capillary and the skimmer were used to limit the gas 
flow from the atmospheric region into the vacuum region. The region between the capillary 
and skimmer was pumped by a rotary pump from atmosphere pressure to a low vacuum of 
〜10-2 —10-3 Torr. The region between the skimmer and hexapole ion guide was pumped by 
a 240 L/min turbomolecular pump (Edwards, U K ) to a pressure to 〜lO.〗—10'^  Torr. The 
hexapole ion guide was used to trap and accumulate ions prior to extraction. After a fixed 
period of ion accumulation, the ions were then pulsed into the spectrometer. 
The potential of LI was typically held at around 100 V (positive potential for positive 
ion mode and vice versa). The flow of ions across this potential barrier was assisted by the 
gas flow due to the pressure difference between the atmospheric region and the capillary 
skimmer region (~10' - 10" Torr). The //-only hexapole ion guide was used to focus the 
analyte ions. Under the influence of the //-potential, the analyte ions oscillated along the 
central line of the ion guide. The gate electrode (L6) was pulsed between adjustable 
potentials (L4 and L5). For positive ion mode, the gate electrode was held at positive 
potential when ions were trapped inside the heaxpole ion guide. For extracting the analyte 
ions into the ion transfer system, a pulse of negative potential was loaded on to the gate 
electrode. The signal intensity of the analyte ions could be enhanced by accumulating the 
ions in the hexapole ion guide for an extended period of time before directing them into the 
FTICR. 
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2,13 Ion transfer system 
An electrostatic ion transfer system was used to guide the ions from the ESI ion source 
to the ICR trapped-ion cell. It was composed of a series of electrostatic lenses. Figure 2.3 
shows a schematic of the different ion optical components together with the typical 
potential gradient curve. PLl, PL9, FOCLl and F0CL2 were focusing lenses, whereas 
PL2/DPL2) and PL4/DPL4 were beam steering electrodes in the y- and x-axis, respectively. 
The potentials of the beam steering electrodes were toggled between some preset-values 
and ground in order to guide the ions into trapped-ion cell and to deflect the ions away from 
the ion optical axis, respectively. H V O was a high potential electrode that was used to 
accelerate the ions to a higher velocity in order to increase the ion transmission efficiency 
through the fringing magnetic field. The H V O was typically set to -2.5 kV for positive-ion 
determination and +2.5 kV for negative-ion detection. All experiments in this thesis were 
performed in positive-ion mode. Additional pairs of deflecting electrodes, X D F L and 
YDFL, were floated at the H V O and were used to correct the path of the ion beam in the x-
and y-direction, respectively. EVl was the entrance electrode and was set at a lightly 
negative potential (for positive-ion determination mode) to attract the decelerated ions into 
the trapped-ion cell. E V 2 A and EV2B were splitted electrodes located behind the EVl. 
They provided the "kicker voltage" to deflect the ions beam along the x-y plane and to 

















































































































































































































































































































































































































































2.1.4 Infinity cell 
The trapped-ion cell installed was an Infinity Cell™ [75] (Bmker-spectrospin, 
Fallanden, Switzerland). All the electrodes in the Infinity Cell were coated by gold. The 
Infinity Cell was a cylindrical cell with dimensions of 60 m m in diameter and 60 m m in 
length. The end plates of the InfmityTM Cell were the trapping electrodes (PVl & PV2). A 
circular aperture of 6.0 m m in diameter was located at the center of each trapping electrode 
for entrance and exit of ions. A negative potential of-10 V was applied to the rear trapping 
electrode (PV2) during the ion quenching event to remove any residue ions from the 
trapped-ion cell. The potential was restored to the initial trapping potential after the 
quenching. Four curved electrodes were installed orthogonally with respect to the trapping 
plates. The shorter pair of electrodes was the excitation plates, where //-excitation pulses 
would be loaded onto these plates. The remaining pair of electrodes was the detection 
plates. The cyclotron motion of the trapped-ion was imaged by these plates. In the 
excitation event, a ？/-waveform was first generated by the high frequency unit (HFU) 
located inside the APEX47e console (Bruker Daltonics Inc., Billerica, US) and was then 
amplified by a //-amplifier (2100L, ENI, Rochester, NT). The two excitation waveforms 
used in this instrument were the chirp (for broadband mode) and pulse (for narrowband 
mode) excitation. 
Comparing the standard cell, the Infinity™ Cell has segmented trapping plates to 
avoid the undesirable z-axial ejection of the trapped ions during the ion excitation at 
frequencies of c0c+2c0t. In the normal operation, the trapping potential of the front trapping 
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plates were changed during the ion accumulation event. For admission of ions into the 
trapped-ion cell, the opening of the EVl, E V 2 A and EV2B electrodes were changed to 
some preset-values. After the ion accumulation, the cell was closed by restoring the 
potentials of these electrodes to the same potential as in the PVl. 
2.L5 Data acquisition system 
The console of the F T M S instrument was connected to an INDY UNIX-based 
workstation (Silicon Graphics Inc., Mountain View, CA, US). The I N D Y workstation was 
equipped with a R4400 microprocessor and 64 megabytes (MB) of base memory. It was 
operated under the IRIS operation system version 5.2. Tuning of the experimental 
parameters, data acquisition and manipulation were performed using a user-interface 
program X M A S S version 4.0.3 (Burker Daltonics, Billerica, US). 
The FID signal was received and amplified by either the F A D C 12-bit digitizer (for 
broadband mode) or S A D C 16 bit digitizer (for narrowband mode). The maximum size of 
the time-domain signal was 128 Kbytes. After the completion of data acquisition, the FID 
signal was transferred to the INDY workstation. It was first zero-filled and was then 
converted to the frequency-domain signal (or mass spectrum) by fast Fourier transform 
(FFT) algorithm and magnitude calculation method. Ten to fifty acquisitions were 
accumulated to improve the signal-to-noise ratios (S/N). 
2.2 Experimental 
All materials were obtained from commercial sources and were used without further 
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purification. Sample solution were prepared in a 49.5%/49.5%/l% water/methanol/ 
acetic acid solvent and were used in the concentration about 100 /xM. 
2,2A Simple acquisition pulse program 
Pulse program was used to define the sequence of events in a typical FTICR 
experiment. A pulse program is a sequence of pulses that are sent to different units of the 
FTICR-MS for controlling different events during the signal acquisition. A schematic 
diagram of sequence events in the pulse program for a simple ESI FTICR-MS experiment 
is shown in Figure 2.4 (please refer to Appendix III for the source code of the pulse 
program). At the beginning of each acquisition, a quench control pulse was sent to the 
voltage control board to change the potential of the gate electrode inside the ESI source. It 
was changed to negative voltage for positive ion analysis and vise versa. Any residue ions 
in the hexapole ion guide were removed. Another quench control pulse was sent to the 
voltage control board to pulse the potential of the rear trapping plate to negative voltage 
(-10 V) for positive ion analysis and vise versa. The ions inside the trapped-ion cell were 
removed. After the quench pulses, a short delay was used for the restoration of potentials of 
the gated electrode and rear trapping electrode back to the preset voltages. Using a short 
delay, ions generated by nanospray were accumulated in the hexapole ion guide. An "ion 
injection" pulse was then executed. The gate electrode was adjusted to the preset extraction 
potential so as to extract the ions to the electrostatic ion transfer region. At the same time 
the deflector voltages, DPL2 and DPL4, and the entrance electrodes of the Infinity CelF^ 
































































































































































































































analyzer cell. After a predefined ion accumulation period and the deflector voltages were 
restored to ground voltage; whereas the cell entrance electrodes were reset to the same 
potential as PVl. After the ion injection event, an ion excitation pulse and an ion detection 
pulse were executed sequentially. A chirp of rf waveform scanning from the cyclotron 
frequency of the lowest detection mass (highest frequency) to the highest detection mass 
(lowest frequency) was transmitted through the excitation electrodes of the Infinity Cell. 
The duration and the amplitude of the r/-waveform were adjusted to optimize the ion signal. 
Finally, the cyclotron motions of the excited ions were imaged by the //-receiver plates of 
the Infinity Cell. These pulse sequences were repeated for a number of times; and the 
signals obtained in each scan were summed. 
2,2,2 Tandem mass spectrometry (SORI-CID MS/MS) 
The pulse program of SORI-CID experiment was similar to that for the simple 
acquisition experiment. Both programs contained quench pulses, ion injection pulse, ion 
excitation pulse and ion detection pulse. The pulse program for SORI-CID experiment 
contained additional ion-selection, pulse-gas, and ion activation events in between the ion 
injection and ion excitation events. Figure 2.5 shows a typical pulse program for 
SORI-CID experiment (please refer to Appendix III for the source code of the pulse 
program). Once the ions were accumulated in the Infinity Cell, an ion selection pulse was 
executed. The ions of interest were isolated by irradiating the ions with a correlation sweep 
(a modified chirp of //-waveform) to over-excite all unwanted ions. The amplitude and the 




































































































































































































































































minimize the excitation of the ions of interest. Following the ion selection, an inert 
collision gas was pulsed into the analyzer cell region. The pressure of the high vacuum 
chamber was temporarily increased to 〜l.OxlCT? mbar. The magnitude of the pressure 
pulse was controlled by adjusting the cylinder pressure and the duration of the pulse gas 
event. A 500 ms long r/-waveform was applied to the excitation plates with a frequency 
offset of-1,000 Hz relative to the frequency of selected ions. The precursor ions were then 
excited/de-excited and collided with the buffer gas to form the fragment ions. The 
amplitude of the //-waveform was adjusted to optimize the fragment ion intensities. After 
the ion activation, a reaction delay of 5.0 seconds was used to allow the pumping of the 
analyzer cell pressure back to the base level for detection event. Both precursor and 
fragment ions were then excited by chirp excitation and the ion signals were collected. All 
spectra were acquired in a broadband mode using 128 kb data points. Fifty scans was 
summed to improve the signal-to-noise level. 
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CHAPTER 3 DISSOCIATION OF MODEL PEPTIDE IONS UNDER SORI-CID 
CONDITIONS 
3.1 Introduction 
With the introduction of matrix-assisted laser desorption / ionization (MALDI) [6] and 
Electrospray ionization (ESI) [7] methods, mass spectrometry has become an 
indispensable tool for analysis of biological molecules. These techniques permit the 
formation of intact gaseous molecule-ions directly from high mass, involatile and thermal 
labile analytes. Direct measurement of the molecular masses of the biomolecules provides 
an important mean to identify the biomolecules among a list of suspected species and to 
detect the presence (or absence) of chemical modifications, such post-translational 
modifications of proteins [76-77]. With the use of suitable enzymatic digestions, high 
confident identification of unknown proteins can also be achieved through matching of the 
product peptides with the expected peptide fragments generated from protein libraries [78:. 
For previously unknown proteins and chemically modified proteins, very little structural 
information can however be retrieved by direct mass measurement. To overcome the 
limitations of simple mass measurement while preserving the analytical advantages of 
mass spectrometry, much research effort has recently been devoted to the development 
various tandem mass spectrometry (MS/MS) methods for structural elucidation of 
biomolecules. One of the important events in tandem mass spectrometry of biomolecules is 
the activation of the selected precursor ions to induce unimolecular dissociation. Common 
ion activation methods include low- and high-energy collision-induced dissociation (CID) 
36,79], surface-induced dissociation (SID) [37], infrared multiphoton dissociation 
(IRMPD) [38], blackbody infrared radiation dissociation (BIRD) [40] and electron capture 
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dissociation (ECD) [39]. Intuitively, E C D is a nonergodic (i.e. the activated ions dissociate 
without randomizing the implanted energy) dissociation technique and has demonstrated 
several interesting features. For protein-type biomolecules, E C D leads predominantly to 
the dissociation of the amide linkages even in the presence of labile post-translational 
modifications [80-82]. A combination of E C D and other dissociation methods, such as 
IRMPD and CID, has been shown to provide complimentary information for unambiguous 
identification of the type and the position of several important protein post-translational 
modifications [83-84". 
As part of a long-term program to improve the dissociation efficiency of existing ion 
activation methods, a series of synthetic peptides with predefined sequences was 
investigated by both sustained off-resonance irradiation collision induced dissociation 
(SORI-CID). Although SORI-CID is normally regarded as a low-energy CID method and 
the mechanisms of peptide dissociation under low-energy CID conditions have been 
widely studied [60, 66-68, 86], a systematic study of peptide ion dissociation under 
SORI-CID using synthetic peptides with predefined sequences should still be worthwhile. 
Such study might provide additional experimental information to explore the validity of 
various proposed dissociation mechanisms and to further strengthen the foundation of the 
proposed dissociation model(s). It might also lay down some sorts of benchmark 
dissociation efficiency for comparison with other newly developed dissociation methods, 
such as electron-capture dissociation (ECD) method. A total of fourteen synthetic peptides 
have been studied using SORI-CID method. In some cases, different charge states of the 
same peptide have also been examined. 
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3.2 Experimental 
Table 3.1 shows a summary of the synthetic peptides studied in this Chapter. All 
synthetic peptides were custom-synthesized by Peptron Inc., (South Korea) and were used 
without further purifications. The analyte solutions were prepared at concentrations about 
1 X 10.5 to 1 X 10.4 M using a mixture of water and methanol (v/v : 1/1) with 1 -5 % acetic 
acid. 
All experiments were conducted using a 4.7 Tesla Fourier-transform 
ion-cyclotron-resonance mass spectrometer (APEX I, Bruker Instrument Inc., Boston, 
USA) equipped with a homemade nanospray source. Detail instrumental arrangement has 
previously been described in Chapter 2. Briefly, 5.0 |liL of the analyte solution was loaded 
into a tapered nanospray tip and was grounded with a 15.0 |Lim tungsten wire. Spraying of 
the analyte solution was made by floating the front metal cap of the dielectric capillary to ~ 
-1,000 V. A stream of heated dry nitrogen (〜250 °C) was used to assist the desolvation of 
the spray droplets. Ions formed were temporarily accumulated in a hexapole ion guide for 1 
- 2 seconds before transferring into the Infinity Cell [75]. Ion transmission from the 
external source into the trapped ion cell was achieved by using the standard electrostatic 
lens system. Sidekick™ ion accumulation method was used to facilitate the ion trapping 
process. In all experiments, static trapping potentials of 1.0 V. Initial calibration of the 
instrument was achieved by using a peptide mixture containing LGF, Angiotensin II and 
melittin. 
For SORI-CID experiments, the precursor ions were first mass-selected by 
preferentially exciting and ejecting other ions. Argon gas was pulsed from a 
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Table 3.1 A summary of the peptide ions studied using SORI-CID MS/MS 
Peptides Mass-to-charge ratios of the precursor ions 
K G G G W G G G K 803.42 (1+); 402.21 (2+) 
N G G G W G G G N 775.31 (1+) 
R G G G W G G G R 859.43 (1+); 430.22 (2+) 
R G G G D G G G R 788.38 (1+); 394.69 (2+) 
R G G G E G G G R 802.39 (1+); 401.70 (2+) 
R G W G R 316.17(2+) 
R G G W G G R 373.20 (2+) 
R G G G G W G G G G R 487.24 (2+) 
R G G G G G W G G G G G R 544.26 (2+); 363.18 (3+) 
G G R G G G W G G G R G G 544.26 (2+); 363.18 (3+) 
G G G G R G W G R G G G G 544.26 (2+); 363.18 (3+) 
G R G R G G G W G G G G G 544.26 (2+); 363.18 (3+) 
G G G G G W G G G R G R G 544.26 (2+); 363.18 (3+) 
()denotes the charge state of the precursor ions. 
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pressure-regulated cylinder (〜0.35 bar) into the analyzer region using a solenoid 
pulse-valve with a fixed duration of 1250 )is. Under these conditions, the analyzer cell was 
temporarily increased from the base pressure of- 9.0 x 10'^  Torr to 〜5.0 x 10 ^  Torr. The 
isolated precursor ions were activated by using a 500 ms r/-waveform with a frequency 
offset of-1,000 Hz to the corresponding ion cyclotron frequency of the molecular ions. The 
amplitude of the ion activation //-waveform was carefully adjusted experimentally to 
maximize the intensities of the fragment ions and varies from the dissociation of one 
peptide to another. In order to provide additional information regarding the stabilities of 
various precursor ions against dissociation, the amplitudes of the //-waveforms (Vp.p/V) 
and the maximum center-of-mass collision energies used in the dissociation 
experiments were summarized in Table 3.2. A delay of 5.0 s was used after the activation to 
allow metastable fragmentation of the activated ions and to allow the return of the base 
pressure before excitation and detection of the resulting ions. All mass spectra were 
acquired in broadband mode with time-domain signals of 128 k data points. Ten scans were 






























































































































































































































































































































































































































































































































































































































































































































































































































































































3.3 Results and discussion 
The use of synthetic peptides with pre-defined amino acid sequences (as oppose to the 
use of bioactive peptides) was to reduce the complexity of the inter-residual interactions 
and to include functionalities with interesting behaviors under SORI-CID conditions. For 
instance, the inclusion of two basic amino acids in most of the synthetic peptides was to 
ensure the generation of abundant doubly protonated (and triply protonated) molecules. 
Acidic amino acids, such as glutamic acid and aspartic acid, were included in some 
peptides because of the abilities to induce specific cleavage at their C-terminal side amide 
linkage under low-energy collision conditions [87,88]. Tryptophan was included in the 
model peptides because of its interesting behavior under E C D conditions. From a statistical 
analysis conducted by Zubarev and co-workers [89], cleavage of the amide backbone 
adjacent to the C-terminal side of tryptophan was nine times more favorable than that of 
the other amino acids. In all peptides, glycine spacer was used to separate functionalized 
amino acid residues in order to minimize any complications arising from specific 
interactions between adjacent residues. 
3.3,1 SORI-CID ofXGiWG3X (where X = Ry K andN) 
Figure 3.1 shows typical SORI-CID mass spectra of the singly protonated molecules of 
X G 3 W G 3 X , where X is (a) arginine; (b) lysine; and (c) asparagines residue, respectively. 
Although structural information for the determination of the complete peptide sequence 
can be extracted from the spectra in all cases, the relative intensities of various fragment 
ions deviate significantly from each other. When X is arginine or lysine, cleavage of 
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Figure 3.1 A typical SORI-CID mass spectra of the singly protonated molecules 
of Y a V ) G3Y, where Y is (a) arginine; (b) lysine; and (c) 
aspfragine?, respectively. The duration of Argon gas pulse was 
l,25 0us 
the precursor ion occurs predominantly at the C-side of the N-terminal arginine (or lysine) 
to yield mainly 少/ ions with some minor bi+ ions. The intensities of fragment ions arising 
from other backbone cleavages are much lower in abundance. Generally speaking, the 
closer is the backbone linkage to the N-terminal arginine (or lysine), the higher is the 
intensity of the corresponding fragment ions. When X is asparagine, the fragmentation 
pattern becomes rather different. There seems to have no particular dissociation preference 
along the peptide chain. The intensities of fragment ions arising from cleavage of different 
inter-residual linkages were of similar abundance. In addition, multiple eliminations of 
water and ammonia were observed in both the precursor ions and almost all Z?-ions. The 
similarities and differences in dissociation patterns among these peptides can readily be 
explained by using the “mobile proton" model [85]. Although there exists several 
mechanisms of peptide dissociation [60, 66-68, 86], it is generally agreed that peptide 
cleavage under low-energy collision-induced dissociation conditions is a charge-directed 
process. The site of protonation of the peptide during the ion formation should depend 
solely on the relative proton affinity of various functional groups within the peptide. For 
instance, the protonation sites for RG3WG3R and K G 3 W G 3 K should be the side chains of 
the arginine and lysine, respectively, because of their relatively high proton affinities (i.e. 
1,051 and 996 kJ/mol, respectively) [56]. For the NG3WG3N, the tryptophan side chain 
should the preferred site for protonation (PA = 949 kJ/mol) [56]. According to the “mobile 
proton" model [85], cleavage of a particular backbone is initiated by the migration of the 
added proton to the appropriate heteroatoms (either carbonyl oxygen or amide nitrogen) at 
the C-terminal side of the bond to be cleaved. While the proton migration is assisted by the 
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collision activation, the ease of migration depends on the strength in which the added 
proton is bound by the initial protonation site. For the arginine containing peptide, the 
added proton is sequestered by the side chain of the arginine. Even under a relatively high 
activation power of 9.7 Vp.p (see Table 3.2), very limited backbone cleavages could be 
resulted. Backbone cleavage is by-large limited to the linkages in the vicinity of the 
protonated arginine residues. For the lysine and asparagine containing peptides, the 
binding of the added proton should be relatively loose. More extensive backbone cleavage 
was resulted at moderate activation power, i.e. 5.8 一 6.2 Vp.p. The predominant formation 
of the 少/ ions, in case of the arginine and lysine containing peptides, was tentatively 
attributed to the high abundance of the conformers with neighboring cyclic intramolecular 
interactions. Scheme 3.1 and 3.2 (see Appendix IV) show the possible mechanisms for the 
formation of>5+ ions from the singly protonated arginine- and lysine-containing peptides, 
respectively. In both cases, neutral N-terminal fragments with cyclic structures and 
C-terminal sequence fragments with linear structures were generated [90:. 
Figure 3.2 shows typical SORI-CID mass spectra of doubly protonated molecules of (a) 
RG3WG3R, (b) K G 3 W G 3 K . For the arginine and lysine containing peptides, the strongest 
fragment ions of the doubly protonated species were also resulted from the dissociation of 
the amide linkage at the C-side of the N-terminal arginine (or lysine). However, more 
extensive cleavage along other amide linkages was observed. The activation powers 
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Figure 3 .2 Atypical SORI-CID mass spectra of doubly protonated molecules of (a) 
R G 3 W G 3 R an i (b) KG3WG3K. 
These observations are in line with the hypothesis that the second added proton has a much 
higher mobility than the first added proton. Based on the high proton affinity of the side 
chains of arginine and lysine, it was postulated that the peptides R G 3 W G 3 R and K G 3 W G 3 K 
should exits as zwitterions in solution, in which one of the side chain of the arginine or 
lysine is protonated. In the singly protonated precursor molecules, the added proton would 
still be strongly bound by the side-chain of the other arginine (or lysine). Both side-chain 
bound protons would have very little mobility. In case of the doubly protonated species, the 
second added proton should be bound preferentially at the N-terminal amino group (and to 
a less extent, bound at the side chain of the tryptophan). This is consistent with the 
observation that a similar abundance of>5+ and bf ions was generated in dissociating the 
doubly protonated precursor molecules. In any case, the energy required to mobilize the 
second added proton was much lower. 
33.2 SORI-CID ofRGn WG„R (where n= 1-5) 
Figure 3.3 shows typical SORI-CID mass spectra of doubly protonated molecules of 
RGnWGnR, where n is (a) 1, (b) 2, (c) 4, and (d) 5. The fragmentation patterns observed in 
dissociating the doubly protonated molecules of this series of homologies show distinctive 
similarities in comparison with that of [RGaWGsR+lH]^^ (see Figure 3.2a). Independent 
of the number of glycine spacers, extensive cleavages along the amide backbones were 
observed. Complete series of b- and 少-ions were observed. Consistent with the 
mobile proton model, the intensities of fragment ions resulted from different backbone 











































































































































































































































































































































































































































































































































































































































































































































































































































































sites, i.e. the N- and C-terminal arginines. Although the activation power required to 
dissociate these peptide ions increased with increasing the number of the glycine spacers 
(see Table 3.2), the center-of-mass collision energies were essentially the same. This is 
consistent with the similar activation energies required to mobilize the added protons to 
appropriate heteroatom(s) for initiation of bond cleavage. In all cases, distinctive signals 
corresponding the side chain cleavage of one of the arginines were observed, i.e. 
[M+2H-60]+ ions [91]. 
3JJ SORI-CID ofRGsXGsR (where X = Dand E) 
Figure 3.4 shows typical SORI-CID mass spectra of (a) singly protonated and (b) 
doubly protonated molecules of RG3XG3R, where X is either aspartic acid residue (top) 
and glutamic acid residue (bottom). The SORI-CID tandem mass spectra of singly 
protonated molecules of RG3DG3R and RG3EG3R resemble closely with that of the 
RG3WG3R + H]+ ion (see Figure 3.1a). The most abundance fragment ions were derived 
from cleavage of the inter-residual linkage at a position next to the protonation sites. The 
shift in the relative intensity of 少<5+ and bg^ fragment ions in the dissociation of these two 
peptide ions was unclear. Fragment ions resulting from the cleavage of other positions 
were much lower in abundance. A minor difference between the acidic residue containing 
peptides and the tryptophan-containing analog is the occurrence of multiple losses of 
ammonia and water moieties from the precursor ions. These tandem mass spectra did not 
agree with the literature postulation [87，88] that preferential cleavage would occur at the 






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































less than) the number of arginine residues. The y/ and 办5+ ions remain minor fragment 
peaks in Figure 3.4a. However, fragmentation of the doubly protonated molecules of the 
same peptides showed quite different tandem mass spectra under SORI-CID conditions. In 
addition to expected fragment ions generated from the cleavage of inter-residue linkages 
near the protonated arginine residues, strong signals corresponding toy/ and 办/ ions were 
observed. The spectral observation of the dissociation of the doubly protonated peptides 
matches the predicted fragmentation pattern based on the literature findings. To explain 
the unexpected dissociation behavior of the singly protonated peptides, it might useful to 
re-examine the proposed model to account for the preferential cleavage at the C-terminal 
side of the acidic residues under low-energy CID conditions. It was proposed that when 
the added proton(s) are sequestered by the arginine side chain(s), the proton of the 
carboxylic side chain of the acidic residue would migrate to the carbonyl oxygen (or amide 
nitrogen) at the adjacent C-terminal side to initiate the backbone cleavage. Such proton 
migration is believed to have very low activation barrier and is a very probable pathway for 
dissociation under low-energy collision conditions. Based on this proposed model, 
preferential cleavage at the C-terminal side of the acidic residues would occur when all 
ionizing protons are sequestered by the arginine residues. Although both the singly 
protonated and doubly protonated peptides studied in this section could meet this criterion, 
the predicted preference in dissociation could be observed in case of the doubly protonated 
species. A possible explanation for the absence of preferential dissociation in the cases of 
dissociating singly protonated peptides might be related to the migration of the carboxylic 
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acid hydrogen from the side chain of the acid residue to the free arginine side-chain to form 
zwitterions. Formation of zwitterions should be driven by the high proton affinity of the 
free arginine side chain. The resulting carboxylate anion at the side chain of the acidic 
residues would then be solvated by intramolecular hydrogen bonding. Close inspection of 
Figure 3.3a reveals the presence of small but significant abundance of>/ and b , ions that 
are not present in Figure 3.1a. This is consistent with a notion that there exists a small 
distribution of zwitterions in which the proton attached to the arginine side chains were 
derived from the added proton and the C-terminal carboxylic acid. In conclusion, the 
criterion related to the preferential cleavage at the C-terminal sides of the acidic residues 
should be modified. A n empirical correlation has been established to predict the 
occurrence of such selective cleavage and is shown in equation 3.1. 
b>a& a + c > b [3.1； 
where a is the number of added protons, b is the number of arginine, and c is the number of 
acidic amino acids (including glutamic acid and aspartic acid). 
3.3.4 SORI-CID of sequence isomers ofRGsWGsR 
Figure 3.5 shows the SORI-CID mass spectra of doubly protonated molecules of (a) 
G2RG3WG3RG2, (b) G 4 R G W G R G 4 , (c) G 5 W G 3 R G R G , and (d) G R G R G 3 W G 5 . T h e 
center-of-collision energies ( E ; ) used to optimize the dissociation efficiencies of the 
symmetric sequence isomers ( R G 5 W G 5 R (see Figure 3.4d), G 2 R G 3 W G 3 R G 2 and 
G 4 R G W G R G 4 ) were similar, i.e. 0.19-0.20 eV. The tandem mass spectra were dominated 


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































C-terminal side of the arginine residues. For instance, intense b广 and 力2+ fragment ions 
were generated in dissociating [RG5WG5R+2H]2+; whereas high abundance of …+, bj/^ 
and yjo+ fragment ions were observed in SORI-CID mass spectrum of 
[G2RG3WG3RG2+2H]2+. For the dissociation of [G4RGWGRG4+2H]^^ ions,办5+, and 
b/^ fragment ions were in turn the dominating fragment ions. For isomers with both 
arginine residues at either the C- or N-terminal sides of the peptides, much lower 
center-of-collision energies (E工）,i.e. 0.10 - 0.13 eV, were needed to optimize the 
dissociation efficiency. This is consistent with a hypothesis that higher columbic repulsion 
between the protonated arginine residues might lower the activation barrier for migration 
of protons along the peptide backbone. Similar to other peptide sequences, most of the 
dominant fragment ions of these peptide ions were originated from the cleavage of the 
C-terminal side of the arginine residues. 
Figure 3.6 shows the SORI-CID mass spectra of triply protonated molecules of (a) 
R G 5 W G 5 R , (b) G2RG3WG3RG2, (c) G 4 R G W G R G 4 , (d) G 5 W G 3 R G R G , and (e) 
G R G R G 3 W G 5 . For these peptides, the dissociation of the triply protonated species was 
found to require only 40%-60% of the center-of-collision energy (五；）of that of the 
doubly protonated molecules. The E ^ for peptides with symmetric and asymmetric 
sequences was 0.07 - 0.12 eV and 0.04 eV, respectively. This reduction of energy is 
consistent with the notion that the third added proton was only weakly bound in the peptide 
ions as both side-chains of the arginine residues were occupied. Based on the relative 
proton affinity, it was believed that the third added proton should preferentially be bound 
by the side-chain of the tryptophan residue. For the dissociation of [RGsWGsR+SH]^^ ions 
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Fiaure 3 6 Typical SORI-CID mass spectra of triply protonated molecules 
� of (a) RG3WG5R, (b) G2RG3WG3RG2, (c) G4RGWGRG4, (d) 
G5WG3RGRG and(e) GRGRG3WG5. 
(see Figure 3.6a), almost all major fragment ions were generated from the cleavages of the 
three consecutive inter-residual linkages at the C-terminal side of the tryptophan residue. 
Cleavages at the C-side of the N-terminal arginine and at the N-side of the C-terminal 
arginine led only to very minor fragment ions. Because of the relatively low proton affinity 
of the tryptophan side-chain, it was postulated that the added proton should easily be 
mobilized to the nearby hetero atoms for inducing backbone cleavages. In terms of the 
nature of the fragment ions and their relative intensities, striking similarities were found in 
the SORI-CID mass spectra of [RGsWOsR+SH]^"" and [G2RG3WG3RG2+3Hf + ions. This 
is in agreement with the postulation that the third added proton was loosely bounded at the 
tryptophan side chain; and migration of this proton is the rate-determining factor leading to 
the dissociation of the peptide ions. 
For the dissociation of triply protonated G 4 R G W G R G 4 , the SORI-CID mass spectrum 
exhibited quite different fragmentation pattern (see Figure 3.6c). The most intense 
2-j-
fragment peaks are the complimentary bj mdy/j ions. These ions were originated from 
the cleavage of the second N-terminal inter-residue linkage and were the characteristic 
fragment ions generated under the diketopiperazine pathway (see Appendix III for the 
reaction scheme). It is tentatively believed that the positioning of the two protonated 
arginine residues near the tryptophan residue had reduced the overall proton affinity of the 
side chain of the tryptophan due presumably to the increased columbic repulsion. 
Therefore, the N-terminal amino group became the dominant protonation site for the third 
added proton. Due presumably to the close proximity of the protonated site, the peptide 
cleavage via the diketopiperazine pathway became a more favorable dissociation channel 
55 
than the usual oxazolone pathway and generated predominantly 办2+ and 少//+ ions. For 
isomers with both arginine residues at either the C- or N-terminal sides of the peptides (see 
Figure 3.6d and 3.6e), the fragmentation of the triple protonated species occurred primarily 
at the glycine chains. The diketopiperazine pathway was almost completely suppressed for 
the dissociation of [GRGRGsWGs+SH]^^ ions. 
3.4. Conclusions 
The fragmentation patterns observed for the dissociation of the model peptides under 
SORI-CID conditions could be explained qualitative using the “mobile proton" model. The 
intensities of fragment ions resulted from different backbone cleavages were found to 
decrease progressively with the distance from the initial protonation sites. The 
center-of-mass collision energies required for optimizing the dissociation efficiency did 
correlate well with the lowest proton affinity of the various protonated sites within the 
precursor peptide ions. Moreover, preferential cleavages at the C-terminal side of the 
acidic residues were also observed for peptide ions containing acidic amino acid residues. 
However, the literature reported criterion to account for the occurrence of such preferential 
cleavage should be modified to include situations in which the carboxylic acid side chain 
of the acidic residue is deprotonated by free arginine residue(s). 
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CHAPTER 4 EXACT MASS MEASUREMENTS OF THE PRODUCT IONS 
DERIVED FROM SORI-CID FTICR-MS 
4.1 Introduction 
The sustained off-resonance irradiation collision-induced dissociation (SORI-CID) 
method [42] is one of the most widely utilized dissociation methods in Fourier transform 
mass spectrometry for inducing cleavage of the mass-selected precursor ions [78, 92-94:. 
The high dissociation efficiency of the SORI-CID method in combination with the exact 
mass measurement capability of the F T M S instrument should, in principle, provide an 
extremely powerful tool for de novo sequencing [95] and for identification of the proteins 
through library search [96]. However, it is known that the mass accuracy of a F T M S 
measurement depends critically on the detail experimental conditions and the method of 
mass calibration. Despite of the ultrahigh resolving power, the mass accuracy of typical 
F T M S measurements (both normal M S and tandem M S ) varies dramatically from sub-ppm 
to over 100 ppm [18, 30] using the conventional external calibration method. Many 
experimental parameters, including the abundance of trapped ions [17-22], the ion trapping 
conditions [97] and excitation radii [17], have been shown to affect the accuracy of the 
mass measurement. Several calibration approaches have been developed to alleviate the 
situation [98-99]. A common method to alleviate the effects of these experimental 
parameters and to improve the accuracy of mass measurement involves the use of internal 
standards. Since the analyte and the calibrant ions are acquired under the same 
experimental conditions, the frequency shifts of the analyte ions induced by the effects of 
space charge interactions, trapping, excitation and detection conditions would be 
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counter-balanced by the similar shifts induced to the calibrant ions. However, the large 
variations in sample preparation protocols to suit different desorption/ionization methods 
and analytes of different chemical properties, implementation of standard internal 
calibration method can sometimes be tedious and time-consuming. Situation becomes even 
more difficult for calibrating SORI-CID mass spectrum due presumably to the presence of 
the precursor ion selection procedure. Calibrant ions must be generated in or injected into 
the trapped ion cell after dissociation process and prior to the ion excitation and detection. 
Advanced sampling methods based on MITS [34], InCAS [32-33] and dual electrospray 
30-31] have shown to be effective in introducing suitable internal calibrant ions for exact 
mass measurement of SORI-CID derived product ions. The applicability of these methods 
is however limited by the chemical nature of the analyte ions, the types of ion source. Very 
often, these methods require considerable hardware modifications. 
An alternative method for improving the M M A of the product ions derived from 
SORI-CID conditions is the internal lock-mass method [100]. This method utilizes the 
remaining precursor ion as an internal mass reference. Similar to the previous argument 
with internal standards, the frequency shifts of the fragment ions would be 
counter-balanced by the similar shifts induced to the precursor ions. However, in the case 
of internal lock-mass method, only one internal reference is available, whereas multiple 
references are present in internal calibration method. Equation 4.1 shows the calibration 
equation [20] used in our F T M S system: 
fi = A(m/z),+B [4.1] 
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where/ is the measured cyclotron frequency of ion i, m/z is the mass-to-charge ratio of ion 
i. A and B are coefficients for magnetic field and electric field terms, respectively. To 
meaningfully utilize the single internal reference, either the magnetic field term (A) or the 
electric field term (B) must be a constant. The coefficient A depends on the strength of the 
magnetic field. Using a modem superconducting magnet, this term should remain 
relatively constant over a period of days. The coefficient B arises from the perturbation of 
the ion motions and frequencies by external electrical fields. Even under constant trapping 
potentials, this coefficient can still vary from one experiment to another because of the 
variations in the ion population, the energy of the ions, and the excitation conditions for 
optimal ion detection. By assuming that frequency shift of the fragment ions generated 
under SORI-CID conditions is associated with the change in space-charge interactions and 
is the same as that of the remaining precursor ions, the coefficient B can further be refined 
by using the remaining precursor ions. While excellent M M A was demonstrated for both 
on-resonance CID and SORI-CID of organic compounds ( M W < 1000) using internal 
lock-mass method in a 7 Tesla F T M S instrument [100], our experience with this method is 
however not satisfactory. 
In this chapter, we reported our findings from a stepwise investigation on the 
experimental factors affecting the M M A of fragment ions generated under SORI-CID 
conditions. It was found that the multiple collision conditions induced in the CID process 
would lead to a mass-dependent changes in cyclotron frequency for fragment ions. Based 
on an empirical correlation, we have derived a modified internal lock-mass method and 
improved the M M A of the fragment ions to a magnitude that is comparable to the 
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conventional internal calibration method. 
4.2 Experimental 
Angiotensin II, bradykinin, melittin and two synthetic peptides (LGF and 
H P F H V V L Y ) were purchased from Sigma Chemicals (U.S.) and were used without further 
purifications. The analyte solutions were prepared using a mixture of 
water/methanol/acetic acid (v/v/v : 49.5%/49.5%/1 % ) at concentrations about 〜10 /xmol/L. 
All experiments were conducted using a 4.7 Tesla Bruker Fourier transform 
ion-cyclotron-resonance mass spectrometer (APEX I, Bruker Instrument Inc., Boston, 
USA). The instrument together with a homemade nanospray source has previously been 
described [74]. Typically, 5.0 \iL of the analyte solution was loaded into a tapered 
nanospray tip and was grounded with a 15|Lim tungsten wire. The nanospray tip was 
positioned 1 - 2 m m in front of a dielectric capillary. Spraying of the analyte solution was 
made by floating the front metal cap of the dielectric capillary to 〜-1,200 V. A stream of 
heated dry nitrogen (〜250 °C) was used to assist the desolvation of the spray droplets. Ions 
formed were temporarily accumulated in a hexapole ion guide for 1 - 2 seconds before 
transferring into the Infinity Cell. Ion transmission from the external source into the 
trapped ion cell was achieved by using the standard electrostatic lens system. In all 
experiments, static trapping potentials of 1.0 V were used. Initial calibration of the 
instrument was achieved by using a peptide mixture containing LGF, Angiotensin II and 
melittin. 
For SORI-CID experiments, the target molecular ions were first mass-selected by 
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preferentially exciting and ejecting other ions. Collision gas (Argon) was pulsed from a 
pressure-regulated cylinder into the analyzer region using a solenoid pulse-valve with a 
user pre-defined duration. The cylinder pressure was set either at 1.0 bar or 0.35 bar. Under 
these conditions, the analyzer cell was variably increased from the base pressure of 9.0 x 
10.9 Torr to a range of pressure covering from 7.0 x lO.? Torr to 4.5 x 10'^  Torn The isolated 
molecular ions were activated by using a 500 ms, 4.55 Vpeak-to-peak electric field pulse with a 
frequency offset of -1,000 Hz to the corresponding ion cyclotron frequency of the 
molecular ions. A delay of 5.0 s was used after the activation to allow metastable 
fragmentation of the activated ions and to allow the return of the base pressure before 
excitation and detection of the resulting ions. All mass spectra were acquired in boardband 
mode with time-domain signals of 128 k data points. Ten scans were summed to improve 
the signal-to-noise ratio. All spectra were zero-filled once prior to Fourier transformation. 
4.3 Results and discussion 
In order to assess the mass measurement error arising from the SORI-CID processes, 
the benchmark mass measurement accuracy ( M M A ) of our F T M S system was first 
examined. From repeated measurements using a peptide mixture, the benchmark mass 
measurement accuracy of simple M S acquisition of peptides (mass range up to 1000 
Daltons) under typical experimental conditions was found to be less than 3.0 ppm and 5.0 
ppm using internal and external calibration, respectively. 
Figure 4.1 shows a typical SORI-CID spectrum of the doubly protonated precursor 
























































































































































































































































































































































































































amide linkages between the histidine and proline to form 3^ 2+ and Z?/ ions; and along the 
C-terminal side of aspartic acid to form 少 M i n o r fragment ions, such as 办/+， 
ions, were also observed. The relative intensity of these fragments could qualitatively be 
explained based on the histidine [85], proline [101] and aspartic acid [102] effects. In 
Figure 4.1, the measurement error for each ion peak was labeled in both ppm and Hz. 
Using the standard external calibration coefficients; large measurement errors were 
obtained for both the residual precursor ions and the fragment ions. Table 4.1 summarizes 
the mean frequency offset, the mean mass error and the 99% confidence interval of the 
mean (CIM990/,) for three separate measurements. These measurements were made using 
well-controlled experimental conditions. User defined experimental parameters including 
the ejection power of the unwanted ions, the activation power of the selected precursor ions, 
the pulse duration of the collision gas, and other excitation and detection parameters, were 
made constant throughout these measurements. The mean frequency offset and mass error 
were found to be 〜12 Hz and 〜-73 ppm, respectively. The t-statistics calculated from the 
frequency offset average values (> 30) are larger than the corresponding critical t-statistic 
for 6 degrees of freedom, i.e. 3.707. These externally calibrated spectra have an obviously 
systematic error and the simple external calibration cannot be used for the exact mass 
measurement. 
4.3,1 Origin(s) of mass measurement error 
A series of experiments was conducted to examine the origin of this mass 
measurement error. Figure 4.2 shows a series of Bradykinin mass spectra obtained at 
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Table 4.1 A summary of the measurement accuracy of the SORI-CID mass 
spectra of Angiotensin II using external calibration method. 
N Mean frequency offset^  Mean mass error Experimental 
o. 士 CIM99o/ob (Hz) 土 CIM99%b (ppm) t-statisticC，d 
1 12.0 ±1.4 -73.3 ±33.7 32.2 
2 11.6 ±1.4 -70.4 ± 31.8 30.8 
3 12.4 ±1.4 -75.2 ±34.4 32.0 
^Mean frequency offset and mass error determined by 7 ions produced ions produced 
by SORI-CID of the Angiotensin 11. ^  CIM990/。，confidence interval of the mean at 99% 
confidence (// = x 士 ts/n ),where ji is the true value, s is the deviation, and n is the 
square root of the number of samples. ^  The critical t-statistic is 3.707 for 6 degrees of 
freedom. ^ t-statistic calculated from frequency offset average values, standard 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































different stages of atypical SORI-CID experiment. Figure 4.2a was obtained from a pulse 
sequence resemble to a simple ESI-MS acquisition of Bradykinin. Using the external 
• 2+ 
calibration coefficients, the mass measurement error of the Bradykinin ions [M+2H] was 
found to be 〜4.0-ppm. By incorporating additional ejection procedure for the wanted ions, 
Figure 4.2b was obtained. In comparison with Figure 4.2a, apart from the removal of all 
21 • 
unwanted ions, the intensity of the Bradykinin ions [M+2H] was reduced. Using the 
same calibration coefficients, an up-shift of cyclotron frequency (or down-shift of 
measured mass) of the Bradykinin ions [ M + 2 H ] 2 + was observed. The mass measurement 
error was found to 〜0.6-ppm. The up-shift of ion cyclotron frequency is consistent with the 
reduction of the ion population that leads to a lowering of the space-charge effect [20-21'. 
Figure 4.2c shows the mass spectrum of Bradykinin after isolation of doubly protonated 
molecules and pulsing of the Argon gas (duration of gas pulse = 1,170 )is). A 5.0-second 
delay was included to allow the pump down of the analyzer pressure. A remarkable 
up-shift of the cyclotron frequency of the Bradykinin ions [M+2H] was observed. Figure 
o [ 
4.2d shows the SOR-CID mass spectrum of doubly protonated Bradykinin [ M + 2 H ] . 
Similar to the case of Angiotensin II, both the residual precursor ions and the fragment ions 
were found to have significant up-shifts of cyclotron frequencies. The frequency shifts 
were also found to be weakly mass-dependent. It is noteworthy that the shift of the 
cyclotron frequency of the residual precursor ions in Figure 4.2d (i.e. +10.1 Hz) was found 
to be similar to that of the Bradykinin ions [M+2H]2+ in Figure 4.2c (i.e. +10.5 Hz). This 
finding implies that the shifts of the cyclotron frequencies of the trapped ions were not 
merely caused by a change in the ion population but by the pressure rise induced from the 66 
gas pulsing. 
4.3,2 Pressure effect on the cyclotron frequencies of trapped ions 
To obtain more insight into the effect of the pressure rise on the shift of the cyclotron 
frequency of the trapped ions, a series of Bradykinin spectra were obtained by using 
different duration of gas pulse. All other experimental conditions were identical with those 
being used in acquiring Figure 4.2c. Figure 4.3 shows a plot of the frequency shift of the 
Bradykinin ions [M+2H]2+ against the duration of gas pulse. The solid line represents 
results obtained by using 1.0 bar line-pressure of Argon; whereas the broken line 
represents results obtained by using a lower line pressure of Argon (i.e. 0.35 bar). All data 
points were the means of three replicates. The error bars denote the standard deviation of 
the replicates. Using a higher line pressure of Argon, the mean frequency of the Bradykinin 
1 [ 
ions [M+2H] was found to up-shift to nearly +12 Hz at very short pulse-gas duration (i.e. 
1,100 — 1,150 i^ s). Further increase in the pulse gas duration (i.e. 1,150 - 1,400 |lis), the 
mean frequency of the Bradykinin ions [M+2H]2+ was quickly reduced. It was 
down-shifted to -30 Hz at pulse duration of-1,300 jus and was eventually leveled off at 
around -40 Hz for longer pulse duration. Reducing the line pressure from 1.0 bar to 0.35 
bars, the trend of induced frequency shift of the Bradykinin ions by the pulse gas did not 
change. Consistent with the reduced gas-load, the pressure-dependent frequency-shift 
curve was elongated along the x-axis, i.e. the pulse gas duration. The pulse gas duration for 
zero-frequency shift for the Bradykinin ions was found to increase from 1210 \is to 1280 jus 










































































































































































































































































































































gas on the cyclotron frequency of the trapped ions can be explained on the basis of 
collisional damping model [103]. The sigmoid pressure-dependent frequency-shift curve 
could tentatively be explained by using two opposing factors, i.e. the reduction of the 
outward-directed radial electric field and the enhancement of space charge effect. In the 
present trapped ion cell, the radial electric field is varied as a function of the ion axial 
position due to the end-cap electrode truncation where a concave axial electric potential 
results in a coincident convex radial potential. Although the pulse gas in SORI-CID 
experiment was primarily used to increase the internal energy uptake of the precursor ions, 
it could also reduce both the cyclotron radius and axial oscillation amplitude and increase 
the magnetron radius of the trapped ions. As the ions cool to the center of the cell where the 
outward-directed radial electric field is reduced, they are then expected to exhibit a modest 
increase in cyclotron frequency. However, the collision relaxation of the translational 
motion of ions would lead to an increase in the density of ions at the center of the trapped 
ion cell. It is well known that ion population, or more concisely ion density, has strong 
influence on the cyclotron motion of the trapped ions because of the space charge 
interactions. Increasing the ion density enhances the space charge effect and thus leading to 
a reduction of the cyclotron frequencies of the trapped ions. When the duration of gas pulse 
is short, it is postulated that the effect of reducing the magnitude of the outward-directed 
radial electric field is predominant, an overall up shift of the cyclotron frequencies of the 
trapped ions are observed. However, as the duration of the gas pulse is lengthened, the 
increased ion density outweighed the radial electric field effect and thus leading to an 
overall down shift of the cyclotron frequencies of the trapped ions. 
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A logical solution to overcome the measurement error was to control the line pressure 
of the Argon gas and the gas pulse duration so that the space charge effect and the magnetic 
field effect can be counterbalanced with each other. Figure 4.4 shows a plot of the mass 
measurement error (in ppm) against the masses of the fragment ions of Bradykinin 
obtained under SORI-CID conditions. The Argon line-pressure was 0.35 bars; and the 
duration of gas pulse was 1,280 |LIS. The data points were the means of three replicates; and 
the error bars were the standard deviation of the replicates. The root-mean-square error was 
reduced from 〜70 ppm to 〜13 ppm. Although finer adjustment of the gas pulse duration 
might further reduce the root-mean-square error, the large deviation associated with the 
measurement (up to 50-ppm) would unlikely be avoided. The large measurement deviation 
was tentatively attributed to the subtle changes in the pulse gas conditions. Using the 
current solenoid-type pulse valve, such subtle changes in the pulse gas conditions might 
not easily be avoided. 
4.3.3 Modified internal lock-mass calibration method 
As demonstrated in the present experiments, the shift of cyclotron frequencies of the 
fragment ions derived from SORI-CID conditions was induced by the pressure pulse, and 
was similar in magnitude to that of the remaining precursor ions. The use of internal 
lock-mass calibration method should significantly reduce the mass measurement error. 
Table 4.2 shows the mass measurement errors for SORI-CID mass spectrum of Bradykinin 
ions [M+2H]2+ before and after internal lock-mass calibration. 















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































was reduced sharply from-11.0 Hz (corresponding to mean mass error of 78 ppm) down to 
1.5 Hz (corresponding to a mean mass error of 〜9 ppm). In comparison with the mass error 
obtained from internal calibration (i.e. -1.5 ppm), the residue errors using internal 
lock-mass calibration method remained large. The large residual error after internal 
lock-mass calibration was attributed to the occurrence of the mass-dependent 
frequency-shift (see Figure 4.2d). Small fragment ions were found to have larger frequency 
shift than the larger fragment ions. Figure 4.5a shows a plot of the frequency shift of the 
fragment ions against their ion masses after internal lock-mass calibration. The Argon 
line-pressure was 0.35 bar; and the duration of gas pulse was 1,170 \is. The data points 
were the means of three replicates; and the error bars were the standard deviation of the 
replicates. A trend line showing the least-square fit of the data was included to show the 
linearity of the correlation (R = 0.94). The occurrence of this mass-dependent frequency 
shift is fundamentally interesting and practically importance. 
To obtain more information, the frequency shift of fragment ions of Bradykinin ion 
M+2H]2+ under different pulse-gas conditions were obtained and were plotted in Figure 
4.5(b)-(d). Figure 4.5 illustrates several interesting correlations. As the duration of the gas 
pulse increases, (a) the slope of the correlation equation becomes steeper, (c) the linearity 
coefficient (R ) decreases, and (b) the frequency shift the residual precursor ions deviates 
increasingly from the trend of frequency shift of the fragment ions. Since these findings 
were correlated with the pulse gas duration, it is believed that the origin of this 
mass-dependent frequency shift is associated with the collision events. The increasing 















































































































































































































































































































































































































































































































































































































































































































shift of the fragment ions at long pulse gas duration exemplified this notion. Under 
SORI-CID conditions, the precursor ions should behave differently from the other 
fragment ions. They would be forced to oscillate continuously whereas the motion of the 
fragment ions would be damped as soon as they are formed and at a rate depending on the 
collision probability and the damping efficiency. With the limited experimental results, it is 
however difficult to pinpoint the origin of this mass-dependent frequency shift. From a 
theoretical study by Shin and Han [104] on the nonlinear oscillations in a cubic ICR cell, 
the frequencies of the three motions, i.e. cyclotron, magnetron and trapping motions, were 
shown depend on the amplitudes of oscillation due to the cubic and higher order nonlinear 
forces. The amplitude coefficients of nonlinear oscillations were, in turn, found to vary as 
a function of the mass of the ion. W e therefore postulate that the observed mass-dependent 
frequency shift might be caused by the collision-induced mass-dependent expansion of 
magnetron radius and contraction of axial oscillation amplitude. However, additional 
experimental and theoretical investigations are needed and are being pursued to validate 
this explanation. 
For the sake of improving mass measurement accuracy，we proposed here an empirical 
relationship to compensate the effect of this mass-dependent frequency shift on the mass 
measurement accuracy. According to the equation 4.1, correction of the mass-dependent 
frequency shift can be done effectively by modifying the coefficient There are however 
several criteria for effective compensation. First, the frequency shift should be linearly and 
reproducibility correlated with the mass of the trapped ions. Second, the frequency shift of 
the residual precursor ions should follow as closely as possible the trend of frequency shift 
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of the fragment ions. Based on the results obtained in Figure 4.5, it is concluded that 
SORI-CID experiments should be performed with short duration of pulse gas. The 
magnitude change of the coefficient A in equation 4.1 can be estimated by comparing the 
coefficient A obtained from the original external calibration coefficients and the coefficient 
A obtained from internal calibration of the SORI-CID spectra using known fragment ion 
masses. Figure 4.6 shows a plot of the up-shift of the coefficient A at different duration of 
pulse gas. The data points were the means of three replicates; and the error bars denote the 
standard deviation of the replicates. A quadratic correlation curve was obtained. The 
up-shift of coefficient A was found to be similar for short duration of pulse gas and 
increases sharply as the pulse gas duration increases. 
Table 4.2 shows the mass measurement accuracies of the fragment ions of Bradykinin 
I  
ion, [M+2H] , using different calibration methods (pg.72). The mass measurement 
accuracy was improved significantly from 〜78 ppm to 〜9 ppm by using internal lock-mass 
calibration method. By refining the coefficient A in the calibration equation using the 
correlation factor determined in Figure 4.6 prior to internal lock-mass calibration method, 
the mass measurement accuracy could be further improved from 〜9 ppm to less than 3 ppm. 
Table 4.3 summarizes the mass measurement accuracies of repeated SORI-CID analysis of 
Bradykinin ions [ M + 2 H ] 2 + ; Angiotensin ions [M+2H]2+ and H P F H V V L Y ions [M+2Hf+. 
All experiments were conducted using 1,170 jLxs pulse gas. Using the modified internal 
lock-mass calibration method, the mass errors were, in all cases, reduced from 〜80 ppm to 
less than 3 ppm. It is noteworthy that these measurements were performed using the same 















































































































































































































































































































































































































































































































































































































































































































































































































analyte sensitive and is good for a limited period of time. However, periodic re-calibration 
of the correlation curve is expected to be important and is recommended when the gas 
cylinder is replaced or the collision gas is changed to other gases. Our results is also 
consistent with the general believe that high accuracy calibration of the SORI-CID mass 
spectra could be achieved in the absence of reference ions provided that the instrument was 
calibrated under experimental conditions, i.e. using SORI-CID mass spectrum of reference 
standards. However, our present findings unambiguously show that the frequency shifts of 
the precursor ions and the fragment ions are only linearly correlated with the their masses 
at short duration of pulse-gas. High loading of collision gas would cause substantial 
deviation from linearity. Using the common calibration equation (such as equation 4.1), 
such deviation would lead to large intrinsic errors in the mass measurement even though 
the instrument was calibrated under the same SORI-CID experimental conditions. 
4.4 Conclusions 
A systematic study of the mass measurement accuracy at different stages of SORI-CID 
demonstrated that the cyclotron frequencies of both precursor ion and fragment ions are 
strongly influence by the pressure rise induced from the gas pulse. A sigmoid correlation 
curve was found by plotting the frequency shift against the duration of the gas pulsing. The 
shape of this correlation curve was tentatively explained by using two opposing factors, i.e. 
the reduction of the outward-directed radial electric field and the enhancement of space 
charge effect. Correlated gas pulsing for zero-frequency shift method which chooses the 
duration of pulsing gas at the point with zero frequency shift from the correlated curve has 
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been utilized to correct the mass error; and the results was unsatisfactory due to the poor 
repeatability of pressure in the analyzer cell. Internal lock-mass calibration correct the 
second term of the calibration equation (f = A/(m/z) + B), i.e. coefficient B. It corrected the 
frequency shift caused by the space charge effect and reduced the mass error from 〜80 ppm 
to less than 10 ppm without the use of internal calibrants. Detail studies have however 
revealed that the shift of the cyclotron frequencies of the fragment ions was 
mass-dependent. There seems to a systematic effect of pressure-rise in the cell on the 
coefficient A (i.e. the magnetic field term) of calibration equation. A quadratic correlation 
curve was found by plotting the up-shift of the coefficient A against the duration of pulse 
gas. By correcting the coefficient A prior to the internal lock-mass calibration, the mean 
mass error could further be reduced to less than 3 ppm. This modified internal lock-mass 
method has been shown to yield mass measurement accuracy as good as that of the internal 
calibration method and requires no internal calibrants or instrumental modifications. 
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CHAPTER 5 CONCLUSIONS 
Consistent with the general believe, SORI-CID of peptide ions was found to proceed 
via common low-energy collision-induced dissociation channels; and the fragmentation 
pattern could satisfactorily be explained by using the "mobile proton" dissociation model. 
Several general rules could be extracted from the present study. For the peptide ions with 
more basic amino acids than ionizing protons, dissociation is usually of low efficiency and 
requires high center-of-mass collision energy. Fragment ions are usually predominantly 
generated by backbone cleavages adjacent to the protonated basic amino acids. If the 
number of ionizing protons is larger than the number of basic amino acids, the surplus 
proton(s) can move along the backbone and induce dissociation. Relatively low 
center-of-mass collision energy is required with fairly good dissociation efficiency. 
However, precursor ion dissociation proceeds normally through some low-energy 
pathways and will lead to fewer sequence diagnostic fragment ions. For the peptide ions 
containing both basic and acidic amino acids, the situation is more complicated because the 
acidic amino acid(s) can provide addition proton(s) from the side chain(s). If the number of 
basic amino acids is larger than the sum of the ionizing protons and the number of acidic 
amino acids, backbone dissociation requires translocation of one of the bound protons from 
the basic amino acid to the backbone heteroatom(s). As mentioned before，this process is 
usually of low efficiency and requires high center-of-mass collision energy. If the number 
of ionizing protons is larger than the number of basic amino acids, the effect of the acidic 
amino acid(s) become less apparent. Precursor ion dissociation proceeds normally through 
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some low-energy pathways and will lead to fewer sequence diagnostic fragment ions. 
However, if the number of basic amino acids is larger than the number of ionizing protons 
but less than the sum of the ionizing protons and the number of acidic amino acids, 
backbone cleavage will preferentially occur at the C-terminal side(s) of the acidic amino 
acid(s). Apart from the specific fragment ions, very few other sequence diagnostic 
fragment ions will be generated. Based on the present understanding, it is postulated that 
the charge-state of the peptide ion should has a profound impact on both the dissociation 
pattern and efficiency. As a thumb of rule to obtain better sequence coverage information, 
it is therefore useful to examine the peptide using different charge states under typical 
low-energy CID conditions. 
In this thesis, it has also been demonstrated that exact mass measurement of the 
product ions derived from SORI-CID experiment is achievable with proper calibration 
method. Using a modified internal lock-mass method, the average mass measurement 
errors of the SORI-CID mass spectra of several peptides were below 3.0 ppm which is as 
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Appendix I The proton affinity (PA) and the structural formulae of 20 a-amino 
acids. The most favorable positions for protonation are denoted by an 
asterisk [55, 90]. 
Amino acid Glycine (G) Alanine (A) Cysteine (C) Aspartic Acid (D) 
Structure ？ 〇 H ch, 
山 “ ？ X 
SH 广 OH 
PA (kJ/mol) 886.5 901.6 903.2 908.9 
Amino acid Valine (V) Glutamic Acid (E) Leucine (L) Serine (S)  
p o 
O H^ N II H^ N. • • // p 
八？人 OH
 2
*、人 OH HSN 义 
Structure ？。曰 in, in, ？ OH 
/ H \ CH2 ‘ ？H2 
H3C CH3 1 ^ OH 
O'^OH H3C CH3 
PA(kJ/mol) 910.6 913.0 914.6 914.6 
Amino acid Isoleucine (I) Proline (P) Threonine (T) Phenylalanine (F) 
p 
11 P O 2 义 
入 S人 OH W ^ H A ？ OH 
Structure H ^ H 〗 H/* f。" ？ 。 曰 ^H, 
in, \c 丄 2 h?-ch3 X 
I H2 OH y I CH3 ^ 
PA(kJ/mol) 917.4 920.5 922.5 922.9 
Amino acid Tyrosine (Y) Asparagine (N) Methionine (M) Glutamine (Q) 
V o H H 2， \ J ^ ^ ^ X h ^ H2，\日人 h 
CH2 C OH C OH I 
Structure J：. ？H? ？ H? ？ H2 
I I 1 CH, CH2 
y •於NH2 人 
OH 3 O 
PA(kJ/mol) 926.0 929.0 935.4 937.8 
Amino acid Tryptophane (W) Histidine (H) Lysine (K) Arginine (R) 
p 
^ O H,N\ // 
H 〜 人 H 〜 J H 〜 义 \？义。H 
9 OH 人〜I 丨 CH, 
flu c OH CH, I 2 
2 I 丫 2 CH2 
Structure I 
" n h A h N； 
O w 2 人 
2 HN NH2 
* 
PA (kJ/mol) 948.9 988.0 996.0 1051.0 
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Appendix II Schematics of the proposed mechanisms of peptide dissociation under 
low-energy CID conditions (Continued) 
‘Oxazolone，Pathway: 
〇 
H z N y S 々 仏 H 
… O R3 
Cleavage of the 




^NH-/ H O - ^ N H , 
Rearrangement 〇、、、、 H + 严 
‘ I O ； ^ O H N - / 
R3 
Post-reaction complex Proton-bound dimer of the fragments 
I 
Formation of b ions Formation of y ions 
” u 
+ O R2 O 
H . ^ K + H 2 N / 0 H r i + +H3N j o H 
R3 2 丫 o O R3 
b ion y ion 
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Appendix II Schematics of the proposed mechanisms of peptide dissociation under 
low-energy CID conditions (Continued) 
‘Diketopiperazine，Pathway. 
O 
O R2 〇 h n ^ ^ Y ^ ^ + y 
X ^ N H . y i ^ O H 
t!：^ 丫 U H R1 
〇 R3 O R3 
neutral y ion 
^Uj-yx'pathway: 
O R2 O 
H R2 O 
H2N. A , 人 入 H 
Y -NH^V Y OH ‘ + A A + CO + NHCHRi 





O R2 O … A 
H R2 O 
H.N^ 人 A N A H 
I ^ N H 〜 • — — - + N H 々 / o H + 人 
0 R3 o R3 、 0 
y ion 
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Appendix II Schematics of the proposed mechanisms of peptide dissociation under 
low-energy CID conditions (Continued) 
“Amino-O" Pathway. 
H^N-Peptida o-^ / P e p t i d e - C O O H 
。 丫 
I � O H 
V 
H^N—Peptidex.^^0 N H \ 
I V Peptide-COOH 





I y • ^ P e p t i d e — C O O H 
N V ^ O H 
R 
K / Y 
H2N—Peptidex^^^O + H 2 N — P印 t i d e ^ ^ O 
b-type ion r p 
+ + 
H2N—Peptide-COOH + H3N—Peptide—C〇〇H 
y-type ion 
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Appendix III Pulse programs for simple MS and MS/MS experiments 
(A) Simple ESI FTICR-MS Experiment 
；#XS_label "Basic FTICR Experiment" 
；#XS_dataset "none" 
； F T M S A P E X I version 
；Includes Scan Accumulation Correction 





d31 setf2|9|l 1 ； digitize icr signal, rf(*)MOD flag 
;#ES_conditional_pp D M bb d31 setf2八 10 ； set H F U for B B detect. 
;#ES_conditional_pp D M hires d31 setf2|10 ； set H F U for H R detect. 
;#ES_conditional_pp R G A I N low d31 setO^S ； ”八8"= Receiver Gain low 
;#ES_conditional_pp R G A I N high d31 setf2|8 ；,’丨8”= Receiver Gain high 
1 ze 
tlo 
10 do ； pumping delay 
d31 reset 1 reset2 ； reset the phase on both channels 
；S ourc e_Quench_B lock 










pl:c2 ； Quench Pulse R C P 02 
dl ； Delay 
；Ionization—Block 




;#ES_parameter p2 d2 
;#ES_conditional_pp I M internal p2:c3 ； internal ionization pulse 
;#ES_conditional_pp I M external p2:c4 ； external ionization pulse 
;#ES_conditional_pp I M both (p2):c3 (p2):c4 ； Ionization: Gate and Defl. RCP03, R C P 04 
d2 ； Delay 






;#ES_parameter p3 tl3 pO tlO 
；load 1 M H z synchronization frequency, then reset phase 
d31 tlO ； set attenuation for sync. freq. (60 dB) 
(pO ph31 ol):fl ； load sync. freq. 
d31 reset 1 ； reset the phase 
d31 tl3 ； set atten. on tx board 1 for the detection 
;#ES_conditional_pp E M shot (p3 phi ol):fl ； detection excitation shot 
;#ES_conditional_pp E M shot ;#FC_ fl excitation—shot 
;#ES_conditional_pp E M sweep 40 (p3 phi ol):fl ； detection excitation sweep 
;#ES_conditional_pp E M sweep lo to 40 times 131 






;#ES_conditional_pp D M hires d30 ol ； receiver dead time and set mixer frequency for hr 
;#ES_condit;ional_pp D M hires ;#FC_ fl detection—mixer_freq 
;#ES_conditional_pp D M bb d30 ； receiver dead time 
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wr #0 ； write data to disk 
exit ； end 
phl= 0 0 2 2 ； PAPS Exitation Phase 0 0 180 180 
ph31= 0 0 2 2 ； Phase program for 1 M H z synchronization freq. 
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(B) ESI SORI-CID FTICR-MS Experiment 
；#XS_label "MS/MS" 
；#XS_dataset "none" 
； F T M S A P E X I version 






d31 setf2|9|l 1 ； digitize icr signal, rf(*)MOD flag 
;#ES_conditional_pp D M bb d31 setf2^10 ； set H F U for B B detect. 
;#ES_conditional_pp D M hires d31 setf2|10 ； set H F U for H R detect. 
;#ES_conditional_pp R G A I N low d31 setf2^8 ； "^8"= Receiver Gain low 
;#ES_conditional_pp R G A I N high d31 setf2|8 ；"丨8"= Receiver Gain high 
1 ze 
tlo 
10 do ； pumping delay 
d31 reset 1 reset2 ； reset the phase on both channels 
；ESI_Source_Quench_Block 






;#ES_block "Quench" optional 
;#ES—bitmap "quench.bmp" 
;#ES_eventtype quench 
;#ES_parameter pi dl 
pl:c2 ； Quench Pulse R C P 02 
dl ； Delay 
；Ionization_Block 




;#ES_parameter p2 d2 
;#ES—conditionaljpp IM internal p2:c3 ； internal ionization pulse 
;#ES_conditional_pp IM external p2:c4 ； external ionization pulse 
;#ES_conditional_pp I M both (p2):c3 (p2):c4 ； Ionization: Gate and Defl. RCP03, R C P 04 
d2 ； Delay 
； S T A G E 1 O F E X P E R I M E N T 
；MS/MS Selection—Block A 
;#ES_block "Correlated Sweep" optional off 
;#ES—bitmap "msms_sel_a.bmp" 
;#ES_eventtype corr—sweep 
;#ES_parameter p4 tl4 
d31 tl4 ； set attn. for tx board 1 for ejection sweep 
20 (p4 phi ol):fl ； correlated ejection sweep 
lo to 20 times 10 ； use loop counter L[0] 
;#ES—flag—comment ;#FC— fl corr—sweep 0 
；MS/MS Selection—Block B 
;#ES—block "MS/MS Shaped Pulse" optional off 
;#ES—bitmap "msms_sel_b.bmp" 
;#ES_eventtype ejection—shot 
;#ES_parameter p6 tpO 
;#ES_conditional_pp F M O D lOOkHz d31 setf2|0|l ； set filter for tx board 1 for the shaped pulse lOOkHz 
;#ES_conditional_pp F M O D 50kHz d31 setfZ八0|1 ； set filter for tx board 1 for the shaped pulse 50kHz 
;#ES_conditional_pp F M O D 25kHz d31 setf2|0^ 1 ； set filter for tx board 1 for the shaped pulse 25kHz 
;#ES_conditional_pp F M O D 12.5kHz d31 ； set filter for tx board 1 for the shaped pulse 12.5kHz 
d31 ol ； set frequency for the shape 
p6:tpO ； high resolution shaped pulse, attenuator tpO is active 
;#ES—flag—comment ;#FC_ fl ejection—shot 0 
；Clean-UP Shots—Block 
;#ES_block "Correlated Shots" optional off 
;#ES_bitmap "cl_shots.bmp" 
;#ES—eventtype corr_shot 
;#ES_parameter p7 tl6 
d31 tl6 ； set atten. on tx board 1 
30 (p7 phi ol):fl ； correlated ejection shots 
96 
lo to 30 times 13 ； use loop counter L[3] 
;#ES—flag—comment ;#FC_ fl corr_shot 0 
；Pulsed Valve—Block 






;#ES_block "Reaction Delay" optional off 
;#ES—bitmap "react—del4.bmp" 
;#ES_eventtype user—delay 
;#ES_p ammeter d5 
d5 ； reaction delay 
；Parent Ion Activation—Block 
;#ES—block "Ion Activation" optional off 
;#ES_bitmap "activate.bmp" 
;#ES_eventtype ion—activation 
;#ES_parameter p8 tl7 
d31 tl7 ； set atten. on tx board 1 
(p8 phi ol):fl ； activation shot on the parent ion 
;#ES—flag—comment ;#FC— fl parent ion—activation 0 
；Reaction Delay—Block 




d6 ； reaction delay 





;#ES_parameter p3 tl3 pO tlO 
97 
；load 1 M H z synchronization frequency, then reset phase 
d31 tlO ； set attenuation for sync. freq. (60 dB) 
(pO ph31 ol):fl ； load sync. freq. 
d31 reset 1 ； reset the phase 
d31 tl3 ； set atten. on tx board 1 for the detection 
;#ES_conditional_pp E M shot (p3 phi ol):fl ； detection excitation shot 
;#ES—conditional_pp E M shot ;#FC— fl excitation—shot 
;#ES_conditional_pp E M sweep 70 (p3 phi ol):fl ； detection excitation sweep 
;#ES_conditional_j5p E M sweep lo to 70 times 131 ； use loop counter L[31] 




;#ES eventtype detection 
;#ES_parameter d30 
;#ES_conditional_pp D M hires d30 ol ； receiver dead time and set mixer frequency for hr 
;#ES—conditional_pp D M hires ;#FC_ fl detection_mixer_freq 
;#ES_conditional_pp D M bb d30 ； receiver dead time 





wr #0 ； write data to disk 
exit ； end 
phl= 0 0 2 2 ； phase program 
ph31= 0 0 2 2 ； phase program for 1 M H z synchronization freq. 
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